Introduction {#sec1}
============

All life on Earth is under pressure from the staggering number of viruses present in the biosphere ([@bib10]; [@bib51]), and the ensuing evolutionary race has shaped host organisms since the dawn of life ([@bib16]; [@bib29]), to the extent that the remains of viruses litter the genomes of cellular organisms, forming a substantial part of eukaryotic noncoding genetic material ([@bib40]). Conversely, the varied morphologies, genetic systems, and life cycles of viruses make them the most diverse group of evolving agents known. The rapidity of genetic change in viruses has hindered the use of traditional genome-sequence-based methods for detecting relationships, so that tracing back the evolutionary history of viruses beyond the family level has proved very difficult. Fortunately it has become clear that structural virology may shed light on the origins of the modern virosphere: "viral self" elements, most notably, conserved capsid protein structures, can be used to group viruses with scant genetic similarity, revealing that even viruses infecting hosts from different domains of life can belong to the same lineage ([@bib6]; [@bib8]). One such lineage, exemplified by adenovirus and the PRD1 bacteriophage, is characterized by a capsid protein fold containing a pair of β-barrels sitting upright within the capsid. This so-called double β-barrel lineage contains members infecting hosts from all three domains of life ([@bib9]). Many members of the lineage also share a similar DNA packaging ATPase and icosahedral morphology. These features appear to be critical to the survival of the virus and are strongly conserved, whereas there are great variations in the mode of replication, genome organization, and host range, consistent with the assumption that they have diverged from a last common ancestor over 2 billion years ago ([@bib32]).

To investigate the origins of this ancient lineage in the primordial world and to hopefully gain insight into the early virosphere, we have attempted to identify members that inhabit extreme habitats, which, to our knowledge, are previously unidentified. Recently, several viruses isolated from extreme conditions have been found to have striking similarity with those of the double β-barrel lineage ([@bib20]; [@bib22]; [@bib23]; [@bib27]). We present here work on one of these, bacteriophage P23-77, which was isolated from alkaline hot springs in New Zealand ([@bib53]) and infects Gram-negative bacterium *Thermus thermophilus* (ATCC 33923). Cryo-electron microscopy (cryo-EM) revealed that P23-77 has an icosahedral capsid, spikes on the vertices, and an internal lipid membrane enclosing the 17 kilo-base pair (kbp) circular dsDNA genome ([@bib23]; [@bib24]). The major capsid proteins (MCPs) VP16 (∼20 kDa) and VP17 (32 kDa) are present in the capsid in approximately equal proportions. The bulk of the capsid is built from pseudohexagonal capsomers. In this respect, the capsid structure is similar to that seen in the double β-barrel lineage, which is also built from pseudohexameric structures, which are very similar in size to those of P23-77. However, there is a fundamental difference: in the double β-barrel architecture, the capsomers comprise three subunits, each with two β-barrels, leading to the pseudohexameric appearance, whereas in P23-77, the capsomers possess each two turrets, producing a crenellated appearance. The presence of only two turrets rules out the possibility of an underlying 3-fold structure and means that this virus cannot formally belong to the double β-barrel lineage. A closely related capsid structure has also been found in haloarchaeal virus SH1 where the assembly conundrum was addressed by postulating that the capsomers consist of a hexameric base, composed of six copies of the smaller MCP decorated with a smaller number of copies of the larger protein that builds the turrets ([@bib22]). Based on the structural similarity of the capsomers of P23-77 and SH1, it was assumed that P23-77 capsomers have the same organization: a hexameric base of VP16 complemented by the turret protein VP17.

There is, however, a further connection between the double-β barrel lineage and the crenellated: the putative packaging ATPase of P23-77 and SH1 has a motif similar to that of PRD1 ([@bib24]). These similarities have led to the proposal that the crenellated viruses possess MCPs composed of single β-barrels reminiscent of those found paired in the double β-barrel lineage. This would suggest that a common ancestor might have existed with a capsid built from proteins with the single β-barrel fold and possessing an ATPase to deliver the genome ([@bib24]). This ancestor then diverged to produce the lineage of crenellated viruses (P23-77 and SH1) and the double β-barrel viruses (PRD1). If this were true, P23-77 and SH1 would form the earliest branch of the vertical β-barrel viral superlineage, and a detailed knowledge of their structures might illuminate the origin of viruses during the early era of life before the present domains of life formed ([@bib32]; [@bib29]; [@bib50]). Here, we report the determination of three-dimensional structures for isolated small-MCP VP16 and large-MCP VP17 and of a complex of the two, representing an assembly intermediate. The small MCP contains a single β-barrel, while the large one contains two. These structures fit the EM reconstruction exquisitely well, demonstrating that the previous model for the organization of the capsid is incorrect and allowing us to propose a side-by-side dimer-driven model for the assembly of the capsid radically different to that expected. Comparison with the EM reconstructions of SH1 suggests that these two viruses share the same fundamental assembly mechanism. This indicates that P23-77 and SH1 are related and form, to our knowledge, a new branch of the superlineage of viruses that includes the well-established adeno-PRD1 lineage.

Results {#sec2}
=======

P23-77 Capsid Protein Structures Determined to High Resolution {#sec2.1}
--------------------------------------------------------------

Dissociation experiments have shown that the P23-77 capsid consists of roughly equal proportions of two soluble MCPs ([@bib23]). We established protocols for the soluble expression and purification of both of these, VP16 and VP17, expressed in *E. coli.* In line with the thermophilic nature of P23-77, the proteins are thermostable, withstanding temperatures over 80°C. Highly pure protein was obtained after a sequence of heat incubation and ion-exchange chromatography. In addition, we isolated VP16 from virus particles. Protein purification and crystallization are detailed in our recent publication ([@bib42]).

Well-diffracting crystals of VP16, VP17, and the complex of VP16 and VP17 were obtained by hanging- and sitting-drop vapor diffusion. Recombinant VP16 crystallized in two forms: VP16-type-1 and VP16-type-2, while virus-derived VP16 crystallized in a third form, VP16-virus-derived ([@bib42]). Diffraction data were collected at MX beamlines of the Diamond Light Source synchrotron, Didcot, UK. The structures of VP16-type-1 (1.80 Å resolution) and VP17 (2.26 Å resolution) were solved by isomorphous replacement using lead and mercury derivatives, respectively. Structures of VP16-type-2 (1.26 Å resolution), VP16-virus-derived (2.36 Å resolution), and the VP16/VP17 complex (1.53 Å resolution) were solved by molecular replacement using the coordinates of VP16-type-1 and VP17 as search models. Details of the crystallographic analyses are given in [Table 1](#tbl1){ref-type="table"}. The structures are well refined, judged by the currently accepted metrics.

Major Capsid Protein Structures Identify P23-77 as a Relative of the Double β-Barrel Lineage {#sec2.2}
--------------------------------------------------------------------------------------------

The structures are illustrated in [Figure 1](#fig1){ref-type="fig"}. For VP16-type-1, essentially all of the structure is well defined in the electron density map, the structure only lacking the N-terminal methionine (M1). In all crystal forms, VP16 exists as dimers of entwined subunits, with a very large surface area of interaction between the two subunits (3,152 Å^2^ for VP16-type-1), which is judged biologically significant by PISA (see [Supplemental Experimental Procedures](#app3){ref-type="sec"} available online) ([@bib30]; [@bib31]). The subunit comprises a β-barrel, seven strands of which are contributed by one subunit and an eighth by the other subunit in the dimer. The structure therefore resembles a strand-swapped dimer, such as can sometimes be formed by misfolding of β-proteins such as immunoglobulin folds ([@bib47]). However, we also find this strand-swapping in all four copies of VP16 dimers in crystals derived from virion material, indicating that the strand-swapped dimer of VP16 is the native state of VP16 in the virus. Pairwise comparison of the VP16 subunits shows that they are all extremely similar (root-mean-square deviations \[RMSDs\] range from 0.2 to 1.2 Å). All VP16 structures showed the presence of a Cl^−^ ion at the junction between the two subunits ([Figure S1](#app3){ref-type="sec"}), and we note that an ion at this position may be a general mechanism of facilitating strand swaps in β-barrels as a similar observation has been made for CD47 ([@bib21]). For the purposes of comparison with other β-barrel structures, we will rewire the subunit of VP16-type-1 by cutting across residues 33--35 to form an intact chimeric subunit ([Figure 2](#fig2){ref-type="fig"}). Analysis of this rewired VP16 with the Structure Homology Program ([@bib3]; [@bib48]) reveals that it has a viral jelly roll similar to those seen in the adeno-PRD1 lineage, with marked similarity to the individual β-barrels of the MCP of marine bacteriophage PM2 ([@bib2]). Does the VP16 dimer form one third of a pseudohexameric capsid building block? To test this, we superposed the VP16 dimer onto the β-barrels of the MCP of PM2. Remarkably, there is a major rotation (∼45°) of the β strands in the second β-barrel when the first is superposed (see [Figure S2](#app3){ref-type="sec"}). This puzzle is explained in the context of the VP16/VP17 complex, discussed later.

For monomeric VP17, 42 N-terminal and 18 C-terminal amino acids are disordered. Helical wheel analysis of the N-terminal residues of VP17 shows that the first 21 (1--21) residues are mainly hydrophobic, especially on one face of the helix, while the following 21 (22--42) residues are nearly all hydrophilic. This suggests an N-terminal membrane-binding domain connected to the ordered protein via proline-rich helix (see [Supplemental Experimental Procedures](#app3){ref-type="sec"}; [Figure S3](#app3){ref-type="sec"}). In contrast to VP16, in neither of the crystal forms which contain VP17 does the protein form homotypic interactions. VP17 contains two β-barrels, but these are not arranged sequentially along the polypeptide chain as seen in classic double β-barrel structure of the adeno-PRD1 lineage; instead, the second domain is formed as an insertion in the primary β-barrel and sits atop it, as opposed to beside it ([Figure 1](#fig1){ref-type="fig"}B). The primary lower β-barrel of VP17 also resembles the MCP of PM2 but is much more similar to VP16. The secondary upper β-barrel of VP17 has only six strands rather than the typical eight, and while it is less similar to either VP16 or the primary β-barrel of VP17 than those are to each other, it is more similar to them than to any other known β-barrel. These results are consistent with the superlineage concept for the origins of the virus as seen from the structure-based phylogeny ([Figure 2](#fig2){ref-type="fig"}), which illustrates the degree of similarity that the individual β-barrels of VP16 and VP17 have to other lineage members, showing that they tend to be most similar to the V2 barrels of relatives (the two barrels of the double-barrel proteins are traditionally known as V1 and V2 according to their position in the sequence), except in the case of PM2 where both barrels are similar to each other and to those of the P23-77 proteins. That the similarity to the adeno-PRD1 lineage reflects divergence is supported by the observation that the point where the secondary β-barrel is inserted (the DE loop) is frequently a site of major insertions in the adeno-PDR1 lineage ([@bib5]). In addition, the core β-barrel structures of both VP16 and VP17 have extensions, including an α helix loop (residues 96--116 in VP16), which is also found at a similar place in the β-barrels of other lineage members.

The complex of VP16-VP17 contains a VP16 dimer, very similar to that seen for the isolated VP16, with each subunit engaging a subunit of VP17, to form an extended heterotetramer ([Figure 1](#fig1){ref-type="fig"}E). A surface area of 733 Å^2^ is occluded for each interface between VP16 and VP17 in this complex (see [Supplemental Experimental Procedures](#app3){ref-type="sec"}) ([@bib31]). The mode of VP16-VP17 engagement is lateral---as would be expected if the two subunits packed side by side around the pseudohexameric base structure---rather than stacked. This structure is not compatible with the current model for the architecture of these viruses---that one protein forms the hexameric base while the other sits on top of it ([@bib22]; [@bib23]). The structure does, however, support a new arrangement where the crenellated structures observed in the virus are formed from the VP17 secondary upper β-barrels. In this arrangement, six highly similar β-barrels are arranged around a pseudo-6-fold axis in a fashion analogous to that seen in the trimeric MCPs of the adeno-PRD1 lineage. This explains the tremendous similarity between the primary β-barrel of VP17 and the VP16 β-barrel ([Figure 2](#fig2){ref-type="fig"}A) and predicts that adjacent β-barrels of VP16 and VP17 in the complex will be superimposable on adjacent β-barrels for the MCP trimers of viruses of the double β-barrel lineage. This is rather precisely true, with the centroids of the β-barrels and their orientations being essentially indistinguishable (see [Figure S2](#app3){ref-type="sec"}), suggesting that the VP16-VP17 complex seen in the crystal truly represents the cognate complexes assembled on the virus. We are fortunate that the cryo-EM structure of P23-77 has been determined, at 14 Å resolution, which allows a rigorous test of this hypothesis ([@bib23]).

Capsid Model Provides Insight into P23-77 Virion Architecture and Assembly {#sec2.3}
--------------------------------------------------------------------------

We initially fitted the capsid protein structures to the cryo-EM-derived electron density map of the P23-77 capsid in Coot ([@bib15]; [@bib23]). Afterward, the structures were refined into the density using the Visual Environment for Docking Algorithms (VEDA; <http://mem.ibs.fr/VEDA>), a new graphical version of URO ([@bib35]), to assess various packing models objectively. The details are presented in the [Supplemental Experimental Procedures](#app3){ref-type="sec"}, however, the results were unambiguous: the final refinement to the 14 Å map gives the values CC (correlation coefficient) = 74.1% and R = 50.2% (these correspond to the values from URO-based fitting without map masking; [@bib35]). The whole capsid can be assembled from three basic building blocks: a VP16 dimer, a VP16-VP17 heterotrimer, and a VP16-VP17 heterotetramer, all of which fit very well with no significant change from the subassemblies derived directly from the crystal structures ([Figure 3](#fig3){ref-type="fig"}). In light of this, later we suggest an assembly pathway for the virus (see [Discussion](#sec3){ref-type="sec"}). There can be no doubt that the assembly mechanism for the crenellated viruses differs radically from that of the double β-barrel lineage. In the latter, the building block is a homotrimer, which forms pseudohexameric capsomers that pack together to form a close-packed lattice of *P*3 symmetry with center-to-center spacing between trimers of ∼90 Å. In P23-77, there is a pseudo-*P*3 lattice of similar dimensions, although the two distinct patterns of crenellation of the pseudohexameric building block betrays the two ways that two subunits of VP17 populate these apparent rings, in a way that is not consistent with *P*3 symmetry. What is completely unexpected is that these rings are not building blocks for the assembly of the virus; instead, the strongest interactions are within the VP16 dimers that span adjacent rings. P23-77 has "capsomers" with four VP16s that always dimerize across "capsomer" borders and two VP17s that attach to the VP16s in the same "capsomer." Regardless of the organizational complexity, there are two fundamental rules: VP16 always forms a homodimer, and VP17 always attaches to one copy of VP16 via a specific site. Flexibility to the model is provided by the fact that the VP17 attachment is not necessary in all instances: the VP16 dimer is sometimes present without the adjacent VP17s, and in the heterotrimer, VP17 is attached to only one of the dimerized VP16s. An assembly hierarchy based on strong VP16 dimerization and VP16-VP17 interaction is supported by experimental data from analytical gel filtration chromatography and yeast two-hybrid trials. Analytical gel filtration chromatography shows that purified VP17 is a monomer and VP16 is a dimer, and in yeast two-hybrid experiments, the strongest interaction is observed between two copies of VP16 and between VP17 and VP16 (see [Supplemental Experimental Procedures](#app3){ref-type="sec"}; [Table S1](#app3){ref-type="sec"}). The complete protein capsid built in the cryo-EM density and refined with VEDA is illustrated in [Figure 3](#fig3){ref-type="fig"}. The capsid is nearly spherical, with the RMSDs of the centers of mass of each subunit in the viral facet (defined as between three adjacent 5-fold axes) from a sphere being only 1.5% of the virus radius (RMSD, 5.6 Å with a virus radius of 368 Å), while their deviation from a plane is 23 Å. PRD1 is less spherical, and this is reflected in the RMSDs of the centers of mass of each subunit in the PRD1 viral facet from a sphere being 3.1% of the virus radius (RMSD, 9.1 Å with a virus radius of 296 Å), while their deviation from a plane is only 7 Å. The peculiarities of the P23-77 capsid include the distribution of VP17s, absent at the icosahedral 3-fold symmetry axes and surrounding the 5-folds. Most remarkable, however, is that the strong strand-swapped dimer of VP16s is at the core of assembling and keeping the capsid together.

Archaeal Virus SH1 Shares Structural Features with P23-77 {#sec2.4}
---------------------------------------------------------

The cryo-EM analysis of the archaeal virus SH1 and bacteriophage P23-77 suggested that they might be related, since many aspects of their morphology appeared similar (same pseudo T-number and similar size and shape of most capsomers), although the arrangement of the crenellations differs between the two. While both have some capsomers with two turrets, symmetrically disposed, SH1 possesses other capsomers bearing three turrets, whereas the other capsomers of P23-77 possess two asymmetrically disposed turrets ([@bib22]; [@bib23]). We used the same fitting methods that we applied to P23-77 to attempt to fit VP16 and VP17 into the SH1 capsid electron density map ([@bib22]). There are strong similarities: the angle of the jelly-rolls is the same in the two viruses, and the bridges connecting the capsomers are identically positioned ([Figure 4](#fig4){ref-type="fig"}). The major capsid proteins of SH1 are believed to be VP4 and VP7, of 25.7 kDa and 20 kDA, respectively ([@bib28]), and so, as for P23-77, it is reasonable to expect one protein to contain an additional "turret-like" domain. However, this additional domain is likely to be a little smaller in SH1 than P23-77 (molecular mass, 25.7 kDa in SH1 and 32 kDa in P23-77). It seems likely, in light of this and given the structure of P23-77 VP17, that the additional domain of VP4 will simply sit on top of the lower domain. This accords with the EM density, although the turret domains are found at different positions within the morphological units ([Figure 4](#fig4){ref-type="fig"}). We propose a reasonably simple explanation for this. In P23-77, the protein VP16 is the driver for dimer assembly, and all dimer building blocks are VP16-VP16 homodimers that do not have a turret domain. In contrast, in SH1, while the protein dimers are in positions analogous to those of VP16, these dimers always have at least one turret, while there are no turrets in positions analogous to VP17. This suggests that the protein that drives dimer formation is, in SH1, the turret-bearing subunit (VP4). Furthermore, in SH1, the dimer building blocks can be formed from either VP4 homodimers or VP4-VP7 heterodimers, but not VP7 homodimers. Thus, the underlying assembly principle appears to be conserved, but the details of the individual proteins forming the assembly and relative affinities of interaction are different.

Discussion {#sec3}
==========

P23-77 Structures Shed Light on Primordial Virus Evolution {#sec3.1}
----------------------------------------------------------

Extreme environments such as the hot springs inhabited by the host of P23-77, bacterial genus *Thermus* (optimal growth temperature from 65 to 75°C; [@bib7]), are dominated by a few organisms ([@bib19]; [@bib36]; [@bib46]). However, viral communities in such environments are abundant and show a remarkable diversity of morphotypes that are not found in moderate habitats ([@bib38]; [@bib39]; [@bib41]; [@bib45]). Extreme environments appear to represent stable, nonoverlapping ecological niches in which close communities of a few highly adapted species thrive, changing extremely slowly ([@bib14]; [@bib17]). These conditions might have allowed the survival of ancient viral forms; consequently, extreme environments like hot springs are a very appealing hunting ground in the search for ancient virus types, linked to the most primordial prokaryotic populations and perhaps to the last universal common ancestor of cells ([@bib13]; [@bib18]; [@bib44]).

P23-77 may therefore give insights into the early stages of viral evolution. The core fold of both MCPs of P23-77 is a β-barrel that shows strong similarity to one half of the fold of the MCP of the double β-barrel lineage. The closest structural relative is the marine bacteriophage PM2, a virus considered the most ancient member of the double β-barrel lineage ([@bib2]). We therefore propose that an ancestral virus, existing before the present domains of life formed, possessed a capsid protein with a single β-barrel that assembled in some unknown architecture presumably simpler than those we have observed. This ancestral virus utilized a single β-barrel MCP, arranged as capsomers that might be either pentameric, allowing the facile assembly of small icosahedral particles, or hexameric and pentameric, allowing the assembly of more complex particles, given a suitable mechanism to control assembly. It seems quite likely that an early gene duplication event allowed the specialization of the pentameric and hexameric proteins (pentons and hexons) and that this was the first step in the generation of more complex viruses. We propose that the present-day lineages had separate origins from this ancestor, both involving gene duplication. In one case, this led to a virus with two separate MCPs (a precursor of the P23-77/SH1 lineage), and in the other case to a tandem β-barrel structure (precursor of the double β-barrel lineage). Specialization of these two lineages would then lead to the strand-swap dimer to stabilize the virions of the P23-77 lineage and to the divergence of the two β-barrels seen in the double β-barrel lineage ([@bib5]). This hypothesis would be strengthened if it were possible to find a missing-link virus existing today with simple hexameric morphological units. Even in the absence of a missing link, the various levels of similarity between the two-protein and double β-barrel viruses suggests that they share a common ancestor. We propose a phylogeny for this superlineage in [Figure 5](#fig5){ref-type="fig"}.

P23-77/SH1 Lineage Capsid Organization Differs Radically from the Double β-Barrel Lineage {#sec3.2}
-----------------------------------------------------------------------------------------

We suggest that SH1 has a capsomer composition similar to that of P23-77: six molecules of two different protein species that participate in forming the hexagonal base, some with upper domains that compose the turret structures. The MCPs of both viruses correspond roughly in size, and the strong similarity of the capsomer structure suggests organizational similarity. The bridges between different capsomers probably reflect similar dimers in both P23-77 and SH1.

The use of a trimeric double β-barrel capsid protein as exemplified by the members of the adeno-PRD1 lineage instead of six single β-barrel capsid proteins halves the number of proteins necessary for building up the capsomer and reduces the assembly error rate ([@bib22]), while the use of preformed trimers introduces a further quality control point in the assembly process. Furthermore, double β-barrel trimers are likely more stable than single β-barrel hexamers. In contrast, P23-77 uses various building blocks (VP16 homodimer, VP16/VP17 heterotrimer, and VP16/VP17 heterotetramer) for capsid assembly, and the crenellations might have a stabilizing function and/or sterically block inappropriate oligomerization. This method of capsid assembly is complex and, therefore, probably more error prone and less efficient. However, the resultant capsid is clearly very robust, perhaps explaining why this form of capsid seems to be very successful in thermophilic bacteria and halophilic archaea ([@bib25]).

Mechanism of P23-77 Capsid Assembly {#sec3.3}
-----------------------------------

Despite the proposed homology with the double β-barrel viruses, the assembly pathways are clearly radically different. Here, we propose a model for the assembly of P23-77 that explains the extraordinarily complex organization of the capsid by assigning specialized roles to the two MCPs VP16 and VP17. We suggest that VP17 is connected to the internal membrane via the N-terminal extension that contains a polyproline helix and hydrophobic residues (this is disordered in the crystal structures; see [Figure S3](#app3){ref-type="sec"}), while VP16 exists as preformed soluble dimers. We also note that the capsid has an inherently uneven distribution of VP17s, which are enriched around the 5-fold axes of the icosahedron and are depleted around the 3-fold axes ([Figure 3](#fig3){ref-type="fig"}). We propose that the assembly begins at the 5-fold, where five VP17s surround an unidentified penton protein and form a strong connection to the membrane, as seen in the capsid cryo-EM ([@bib23]). VP17s then recruit VP16 dimers, which strengthen the structure and, in turn, organize additional VP17s which may migrate while remaining attached to the viral membrane. The assembly progresses toward the 3-fold, where the lack of VP17s is explained by the assembly frontiers meeting and meshing together, excluding VP17. A striking overall result of this process is that, while the virions of the double β-barrel viruses usually assemble as flat facets that need to be glued together by ancillary proteins ([@bib1]), the P23-77-like viruses are able assemble robust, almost spherical, capsids by building curvature into the assembly process ([Figure 5](#fig5){ref-type="fig"}).

In conclusion, detailed atomic structures of the MCPs combined with earlier cryo-EM visualization of the entire capsid have revealed an unexpected, and novel, architecture for P23-77. Comparison of the protein structures suggests that viruses of this form, which are found in extreme environments, have changed little over billions of years and are vestiges of a branch of the upright β-barrel viruses that may have been wiped out in other organisms by the highly successful double β-barrel lineage viruses.

Experimental Procedures {#sec4}
=======================

Protein Expression and Purification {#sec4.1}
-----------------------------------

Expression plasmids containing genes for VP16 (*ORF16*) and VP17 (*ORF17*) ligated to pET22b(+) vector were used for high yield expression in *E. coli* HMS174(DE3) cells. Expression was induced with 1 mM IPTG, and proteins were extracted with French pressure cell treatment and purified by a sequence of optimized chromatography steps including anion exchange and size exclusion chromatography. Details of the purification process, crystallization, and subsequent diffraction experiments were reported recently ([@bib42]).

Crystallization {#sec4.2}
---------------

Crystallization experiments with the recombinant proteins yielded four well-diffracting crystal types: VP16-type-1 (crystallized in 5% polyethylene glycol \[PEG\] 1000 and 5% PEG 8000), VP16-type-2 (crystallized in 20% PEG 6000, 0.1 M citrate, pH 4), VP17 monomer (crystallized in 1.9 M sodium formate, 0.1 M Bis-Tris, pH 7.0), and a VP16/VP17 complex (crystallized in 1.1 M di-ammonium tartrate, pH 7). VP16-virion-derived crystallized from 25% PEG 3350, 0.15 M NaCl, 5 mM MgCl~2~, 0.1 M citric acid, pH 3.5, and 20 mM Tris-HCl, pH 7.5.

Structure Determination and Refinement {#sec4.3}
--------------------------------------

Native data for crystals of VP16-type-1 were collected at beamline I03 at wavelength λ = 0.979 Å; of VP16-type-2, at I04 (λ = 1.000 Å); of VP16-virion-derived, at I24 (λ = 0.969 Å); of VP17, at I04 (λ = 1.071 Å); and of the VP16/VP17-complex, at I24 (λ = 1.071 Å). In some cases, crystals were exposed at several positions, but diffraction data from one crystal only were used for each data set. All data were processed with xia2/XDS ([@bib26]; [@bib49]).

The structures of VP16-type-1 and VP17 were solved by isomorphous replacement by soaking crystals in heavy metal solutions. For VP16-type-1 crystals, the original crystallization solution of 5% PEG 1000 and 5% PEG 8000 was found not to be suitable for these experiments. By adding 30% PEG 6000, 0.1 M HEPES, pH 7.0, at a ratio of 1/1 (v/v) to the original crystallization solution, crystals could be stabilized and soaking experiments could be carried out. A good derivative of VP16 was prepared by soaking a crystal in lead acetate at a concentration of more than 20 mM for 1 hr. Derivative data were collected at beamline I03 at λ = 0.940 Å, a wavelength close to the L~III~ edge of lead. Heavy metal binding sites were determined with SHELXD ([@bib43]). Phases, calculated to 2.68 Å with the program autoSHARP ([@bib52]), resulted in an isomorphous phasing power of 1.28/1.42 for centric/acentric reflections and an anomalous phasing power of 0.96. The initial model built by ARP/wARP ([@bib37]) within autoSHARP ([@bib52]) contained 95% of all VP16 residues.

For VP17, the mother liquor was changed to 4 M NaCl, 0.1 M HEPES buffer, pH 7.0, to increase the solubility of heavy metals. A crystal soaked in mercury acetate for 16 hr at a concentration of more than 20 mM was found to be a sufficiently good derivative to solve the structure. Derivative data were collected at beamline I02 at λ = 1.009 Å, the L~III~ peak wavelength for Hg in the crystal as determined by a fluorescent scan. Phases calculated to 3.10 Å with autoSHARP ([@bib52]) gave an isomorphous phasing power of 0.28/0.24 for centric/acentric reflections and an anomalous phasing power of 0.30. The program ARP/wARP ([@bib37]) built more than 57% of the total number of residues automatically.

The structures of VP16-type-2, VP16-virion-derived, and the VP16/VP17 complex were solved by molecular replacement with PHASER ([@bib33]). The asymmetric unit of VP16-type-1, VP16-type-2, and the complex contains one molecule/complex, that of VP17 contains two molecules, and that of VP16-virion-derived contains eight molecules in the form of four dimers.

Initial models of all structures were improved by cycles of manual model building with Coot ([@bib15]), followed by refinement with Buster ([@bib11]) and/or Phenix ([@bib4]). TLS parameters were defined with the help of the TLSMD server ([@bib34]). Molprobity ([@bib12]) was used for final corrections and structure validations. Ramachandran plots calculated with the final coordinates of VP16-type-1, VP16-type-2, VP16-virion-derived, VP17, and the VP16/VP17 complex showed that 100, 99.4, 99.9, 98.1, and 98.6% of residues lie in favored regions with 0.0, 0.0, 0.0, 0.5, and 0.6% outliers, respectively.

Capsid Model Building and Refinement {#sec4.4}
------------------------------------

Atomic structures of VP16, VP17, and the VP16/VP17 complex were manually fitted to the cryo-EM density of P23-77 capsid in Coot to produce the asymmetric unit (see [Supplemental Experimental Procedures](#app3){ref-type="sec"}). The asymmetric unit, composed of 18 copies of VP16 and nine copies of VP17 as illustrated in [Figure 3](#fig3){ref-type="fig"}, contained all proteins as separate molecules. These coordinates were then loaded to VEDA together with the capsid electron density map. After assigning icosahedral 2-fold axes to be along the axes of the Cartesian coordinate system, VEDA was able to build up the whole icosahedral capsid using 60 copies of the asymmetric unit and refine the coordinates to the density. VEDA analyzes the degree of the fit with CC and R values, which were 74.1% and 50.2%, respectively. Coordinates were exported from VEDA after refinement and compared to the crystal structures and used in producing molecular graphics with program PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.5, Schrödinger, LLC, <http://www.pymol.org>).

Accession Numbers {#app1}
=================

The coordinates and structure factors reported in this paper have been deposited in the Protein Data Bank with ID codes [3ZMO](pdb:3ZMO){#intref0020} (VP16-type-1), [3ZN4](pdb:3ZN4){#intref0025} (VP16-type-2), [3ZN5](pdb:3ZN5){#intref0030} (VP16-virus-derived), [3ZMN](pdb:3ZMN){#intref0035} (VP17), and [3ZN6](pdb:3ZN6){#intref0040} (VP16/VP17 complex).
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![P23-77 MCPs\
(A--E) High-resolution X-ray structures of (A) VP16-type-1 and (B) VP17, colored blue to red from the N terminus to the C terminus, (C) VP16 dimer (subunits colored orange and gray), (D) VP17 (green), and (E) heterotetramer complex of VP16 (orange) and VP17 (green). VP16 rewiring site (relates to [Figure 2](#fig2){ref-type="fig"}) is highlighted with a red star in (A) and (C). Symmetry molecules are shown in gray.\
See also [Figure S1](#app3){ref-type="sec"}.](gr1){#fig1}

![Phylogeny of P23-77 Capsid Proteins in Relation to the Double β-Barrel Lineage\
(A--D) Structure-based superimpositions and phylogenetic tree of the capsid proteins of P23-77 and members of the double β-barrel lineage using the Structure Homology Program (SHP) ([@bib3]; [@bib48]) and individual V1 and V2 domains. To enable comparison with other β-barrel structures, subunit of VP16-type-1 was rewired across residues 33--35 (see [Figure 1](#fig1){ref-type="fig"}) to form an intact chimeric subunit.\
(A) VP16 (orange) superposed on VP17 (green).\
(B) PM2 V1 (purple) superposed on VP17 (green).\
(C) VP17 upper domain (yellow) superposed on VP17 lower domain (green).\
(D) Phylogenetic tree illustrating the evolutionary distance of the MCPs of double β-barrel lineage members and P23-77 (light blue group), showing that the closest relatives to VP16 and VP17 are mostly V2 domains (yellow group), V1 domains being further diverged (green group).](gr2){#fig2}

![Capsid Organization of P23-77\
Structures of VP16 (orange) and VP17 (green) fitted into the cryo-EM electron density map of the P23-77 virion ([@bib23]), refined in VEDA.\
(A) Illustration of the fit of MCPs in capsid density.\
(B) P23-77 capsid model colored according to protein species, showing borders of the asymmetric unit.\
(C) P23-77 capsid model colored according to oligomeric state, with VP16 dimer in lime green, VP16-VP17 trimer in magenta, and VP16-VP17 tetramer in blue.\
(D) The asymmetric unit of P23-77, colored according to protein species.\
(E) The asymmetric unit of P23-77, colored according to oligomeric state.\
See also [Figure S3](#app3){ref-type="sec"}.](gr3){#fig3}

![Structural Features Shared by P23-77 and SH1\
Structure of VP16 dimer fitted into the cryo-EM electron density maps of the P23-77 virion ([@bib23]) and SH1 virion ([@bib22]).\
(A) VP16 in P23-77 virion density.\
(B) Asymmetric unit of P23-77, showing the position of protruding VP17 turret proteins (green circles) and VP16 (pale beige circles).\
(C) VP16 in SH1 density, at the same position as in (A).\
(D) Asymmetric unit of SH1, showing the position of protruding equivalent turret proteins (blue circles). VP16 spans across capsomer borders in P23-77, causing bridges of density in the cryo-EM map. These bridges are found in identical position in P23-77 and SH1 and are illustrated here and in (B) as red bars. Note that, in SH1, every bridge connects a turreted protein to either a turreted or nonturreted protein.\
See also [Table S1](#app3){ref-type="sec"}.](gr4){#fig4}

![P23-77 Is a Member of the Vertical β-Barrel Superlineage\
(A) Phylogenetic tree based on the known capsid protein structures of the vertical β-barrel superlineage members shows that P23-77 forms the earliest diverging branch in the lineage.\
(B) P23-77 virion is icosahedrally ordered and utilizes single β-barrel proteins, presented with triangles, to build the capsid.\
(C) Organization of bacteriophage PRD1, with individual domains of the double β-barrel capsid proteins shown as triangles. Most prominent interaction surfaces are shown in blue, revealing the difference between P23-77 and other lineage members that use compact trimers to form each capsomer. However, the capsomers of both P23-77 and PRD1 contain six β-barrels.\
The structure-based phylogenetic tree was made using the SHP ([@bib48]) and the known double β-barrel structures of lineage members. For P23-77, single β- barrel capsid proteins were fused together to enable comparison.\
See also [Figure S2](#app3){ref-type="sec"}.](gr5){#fig5}

###### 

Data Collection and Refinement Statistics

                           VP16-Type-1               VP16-Type-2               VP16-Virus-Derived        VP17                      VP16/VP17 Complex
  ------------------------ ------------------------- ------------------------- ------------------------- ------------------------- ------------------------
  **Data Collection**                                                                                                              
                                                                                                                                   
   Space group             P6~2~22                   C2                        P2~1~2~1~2~1~             P6~1~22                   C2
  Cell dimensions                                                                                                                  
   a, b, c (Å)             61.85, 61.85, 251.22      76.60, 68.57, 31.58       41.41, 77.05, 403.00      107.21, 107.21, 233.78    76.78, 69.61, 81.62
   α, β, γ (°)             90, 90, 120               90, 96.44, 90             90, 90, 90                90, 90, 120               90, 104.99, 90
  Resolution (Å)           62.8--1.80 (1.85--1.80)   34.3--1.26 (1.30--1.26)   41.1--2.36 (2.42--2.36)   59.7--2.26 (2.32--2.27)   39.6-1.53 (1.57--1.53)
  Rmerge                   0.075 (1.045)             0.053 (0.626)             0.114 (1.137)             0.082 (0.917)             0.064 (1.015)
  I/σI                     30.7 (3.3)                23.1 (2.6)                7.5 (1.3)                 38.6 (5.3)                17.7 (2.9)
  Completeness (%)         100 (100)                 85.8 (41.4)               99.1 (99.6)               100 (100)                 98.4 (83.3)
  Redundancy               28.5 (21.0)               7.5 (6.5)                 3.2 (3.3)                 35.5 (36.6)               6.3 (4.4)
                                                                                                                                   
  **Refinement**                                                                                                                   
                                                                                                                                   
   Resolution (Å)          53.56--1.80               17.79--1.26               42.16--2.36               43.94--2.26               22.40--1.53
   Number of reflections   27,503                    37,133                    53,974                    37,808                    61,425
   Rwork/Rfree             0.189/0.215               0.156/0.184               0.193/0.234               0.186/0.213               0.172/0.197
  Number of atoms                                                                                                                  
   Protein                 1,350                     1,237                     10,375                    3,623                     2,937
   Ligand/ion              24                        14 (1 citrate)            4                         0                         2
   Water                   213                       255                       348                       424                       395
  B factors                                                                                                                        
   Protein                 41.9                      13.2                      52.4                      50.6                      27.3
   Ligand/ion              63.8                      15.6                      43.3                      --                        27.9
   Water                   54.1                      29.0                      47.7                      58.8                      40.8
  RMSDs                                                                                                                            
   Bond lengths (Å)        0.010                     0.010                     0.010                     0.010                     0.010
   Bond angles (°)         1.03                      1.08                      1.07                      1.14                      1.07

Values in parentheses are for highest resolution shell. Each data set was collected from one crystal.
